Abstract: A reversed-phase high performance liquid chromatograph (HPLC) with photodiode array detection method was developed to determine bioactive polyphenolic substances, methyl b-orcinolcarboxylate (MBO) and ethyl haematommate (EH) in thalli of various lichen species. The MBO and EH were separated by RP-HPLC (C 18 column, 150 mm Â 4.6 mm, 5 mm) using isocratic elution systems of acetonitrile:water (0.1% acetic acid). Base line separation of the compounds was obtained in less than 20 min. The method was validated for linearity, repeatability, limits of detection (LOD), and limits of quantification (LOQ). Repeatability (inter-and intra-day, n ¼ 6) showed less than 1.5% relative standard deviation (RSD). The LOD and LOQ were found to be 5.97 and 15.51 ng for MBO and 42.63 and 69.03 ng for EH, respectively. The validated HPLC method was employed to quantify MBO and EH in eleven lichen species, used in folklore/traditional systems of medicine collected from the Himalayan region of India.
INTRODUCTION
Lichens are complex plants consisting of a slow growing symbiotic association of fungi and algae. They produce characteristic secondary metabolites that are unique with respect to those of higher plants. [1] Several lichen extracts have been used for various remedies in folk medicine, indicating the frequent occurrence of metabolites with various properties such as antibiotic, [2] antimycobacterial, [3] antiviral, [4, 5] analgesic and antipyretic, [6] antioxidant, [7, 8] anticoagulant and antithrombotic. [9] There are about 13,500 lichen species growing through out the world and they produce a wide range of chemical compounds. Among these, approximately 350 secondary metabolites are produced through polyketide, shikimic acid, and mevalonic acid pathways. [10] Various phenolic compounds are extensively studied for a range of bioactivities such as antibacterial, antifungal, antiviral, anticancer, antioxidant, and preservatives from various lichen species. [11 -16] In various systems of traditional medicine worldwide, including the Indian system of medicine, these lichen species are said to effectively cure dyspepsia, bleeding piles, bronchitis, scabies, stomach disorders, spermatorrhoea, and many disorders of the blood and heart. [17, 18] Isolation of the phenolic compounds, atranorin, methyl orsenillate, orsenillic acid, and lecanoric acid from the lichen Parmotrema tinctorum (Nyl.) Hale (P. tinctorum) using thin-layer chromatography (TLC) and column chromatography, respectively, was described. [19] HPLC methods have been reported for the analysis of secondary metabolites of lichen such as benzoic and solorinic acids, [20] sekikaic acid. [21] Several other chemicals such as atranol, chloroatranol, hematommic acid, chlorohematommic acid, methyl haematommate, methyl chlorohaematommate, ethyl haematommate, ethyl chlorohaematommate, methyl b-orsellinate, atranorin, chloroatranorin, and (þ)-usnic acid have been quantified in Lethariella canariensis using the HPLC method. [16] This method, however, lacks good base line separation, validation, and sensitivity limits, and has a longer analysis time. To the best of our knowledge, no validated analytical method has so far been reported for the quantitative estimation of polyphenolic compounds, specifically, Methyl b-orcinolcarboxylate and Ethyl haematommate in lichen species.
In this paper, we report an accurate and precise, RP-HPLC-PDA method for analysis of biological active polyphenolic metabolites, methyl b-orcinolcarboxylate (MBO) and ethyl haematommate (EH) in various lichen species of Himalayan origin. The present validated HPLC method is suitable and specific for rapid screening of these metabolites in complex biological samples of lichen species widely used in folklore and traditional medicine systems, particularly of the Asian regions of Tibet, Bhutan, Nepal, China, and India.
EXPERIMENTAL

Solvents and Standards
Acetonitrile (Merck, India), methanol (Merck, India), and glacial acetic acid (Merck, India), and Milli-Q water used were of HPLC grade. Analytical grade ethanol was used for extraction of methyl b-orcinolcarboxylate (MBO) and ethyl haematommate (EH) from lichens. MBO and EH were isolated from lichen (Everniastrum cirrhatum) in our laboratory and authenticity confirmed by their spectral analysis. [11, 22] The structure of MBO and EH are presented in Figure 1 .
HPLC System and Chromatographic Conditions
The Waters HPLC apparatus (Milford, MA, USA) consisted of a 1515 solvent delivery system, 717 auto-injector equipped with 2996 photodiode array detector. Data obtained were processed using Waters EmpowerPro chromatographic software. The injector, solvent delivery controller, and Empower Pro chromatographic manager were integrated to give precise and reproducible results. Column Symmetry C 18 (150 Â 4.6 mm id, 5 mm, Waters) was used for method development. In addition, a Mettler Toledo AG-245 electronic balance, and Millipore filtration assembly were used in the study. A mobile phase consisting of a mixture of (A) Acetonitrile -(B) H 2 O(0.1% AcOH) (50:50 v/v) was filtered, degassed by sonication, and used at a column temperature of 288C and a flow rate of 1.0 mL/min. The scanning acquisition of the column effluent was monitored over the range 210-400 nm at 1.2 nm intervals of the absorption spectrum, and components were quantified at 265 nm. Stock solution (1 mg/mL) of MBO and EH were prepared in methanol. The targeted polyphenols standards gave responses in the range of 0.02-1.0 AUFS, depending on the concentration of the component.
Lichen Material and Sample Preparation
Various lichens species, Everniastrum cirrhatum, Flavoparmelia caperata, Heterodermia leucomela, Lecanora flavidorufa, Leptogium pedicellatum, Lobaria isidiosa, Phaeophyscia hispidula, Ramalina, Rimelia reticulate, Stereocaulon foliolosum, and Usnea were collected from the Himalayan region of Narayan Ashram, situated on Kailash Mansarowar Yatra Marg, District of Pitthoragarh, Uttaranchal, India, which is a cold climatic region about 1800 meters above sea level. The lichen species were identified and the specimen vouchers have been deposited in the Institute's repository for the record. The selection of lichen species was based on their use in folk medicine and, also, some species were taken randomly. Lichens were air dried at room temperature under shade. After air drying, they were ground to a fine powder in a grinder. The powdered material (1.0 g) was extracted with 50 mL of 95% ethanol by cold percolation overnight, at room temperature. The extracts were filtered using Whatman filter paper No. 1 and concentrated at 408C under reduced pressure with a rotary evaporator. The concentrated extract was lyophilized to obtain a fine crude extract. This lyophilized extract was dissolved in 1 mL HPLC grade methanol. Prior to injection, all samples were filtered through 0.45 mm PTFE filters.
Method Validation
The method was validated according to the ICH guidelines [23] on the validation of analytical methods, which covers various parameters like linearity range, precision, reproducibility, specificity, accuracy, recovery, and system suitability. All results were expressed as percentages (dry weight basis), and n represents the number of replicates. For the statistical analysis, SPSS and Excel 2000 w (Microsoft) software were used.
Linearity
A stock solution of MBO and EH 1 mg/mL was prepared by dissolving in methanol. Various dilutions were prepared using stock solutions in the concentration range of 6.25-100 mg/mL in methanol. The samples were filtered through 0.45 mm nylon filters, and 20 mL of each were injected, in triplicate, on the column. Peak areas for five injections were used for the computation of slope; intercept and correlation coefficient (r 2 ) were estimated.
Repeatability
Repeatability of the method was checked by analyzing six replicate samples of three concentration levels of metabolites (12.5, 25 , and 50 mg/mL of MBO and EH) and calculating percent relative standard deviation (% R.S.D.) of retention time and peak area.
Intermediate Precision
Intermediate precision of the method was checked by repeating the procedure for 3 consecutive days and calculating the R.S.D. between 3 days for retention time and peak area. The standard deviation and coefficient of variation were calculated for each day. In order to check whether the results obtained on the different days were significantly different, the results were analyzed by means of an ANOVA. Within-and between-days variation coefficients were calculated.
Accuracy and Recovery of MBO and EH from Thallus (Assay by Spiking)
The developed analytical method was validated for its accuracy in determining the metabolites content in lichen extracts. For demonstrating accuracy of an analytical method, three concentration levels of metabolite solution (12.5, 25, and 50 mg/mL concentrations of MBO and EH) were prepared in triplicate and analyzed. Recovery studies from lichen extract (Everniastrum cirrhatum) was carried out by spiking a specified amount of metabolites (12.5, 25, and 50 mg/mL concentrations of MBO and EH) in 10 mg of extract matrix in a small vial. Solutions were filtered through 0.45 mm nylon filters and 10 mL of this solution was injected in triplicate for obtaining the percentage recovery on the same day.
System Suitability
Data from 10 mL of six injections of 50 mg/mL was utilized for calculating system suitability parameters like capacity factor, USP tailing factor, and number of theoretical plates. [24] Robustness Overall appearance of the chromatogram depends on a wide range of factors covering dynamic properties of the device used for mixing of solvents, dwell volume of the system, and efficiencies of various components of the instrument. These factors play a very critical role in the case of multi-step gradients. In the present study, we have developed a method with isocratic elution; therefore, robustness of the method is not as critical as in the gradient mode. However, efforts were made to evaluate the robustness of the developed method. The influence of small deliberate variations of the chromatographic condition in the analysis of MBO and EH were examined throughout. The factors examined were flow rate (mL min 21 ), mobile phase (percentage of solvent A and solvent B), and temperature (8C). One parameter at a time was changed to estimate the effect. In each assay, six injections of 10 mL working standard solutions were studied.
RESULTS AND DISCUSSION
HPLC chromatographs of a mixture of two reference compound solutions (MBO and EH) and a representative lichen thallus (Everniastrum cirrhatum) extract are presented in Figure 2 . MBO and EH elute at 4.916 and 14.969, respectively.
HPLC Method Development
The coelution of other components of a complex biological sample matrix with the targeted compound can be checked by means of PDA spectral data acquisition. Separation and photodiode array spectrum of MBO and EH (A) iso-absorbance map (contour plot) and (B) 3D view and (C) UV-spectra of reference compounds (MBO and EH) and methanol extract of lichen thallus (Everniastrum cirrhatum) are presented in Figure 3 . The reliability of the peak purity test can further be enhanced by carrying out the test at various wavelengths. It is interesting to note, that the results of peak purity tests slightly vary according to the wavelength used in both standard and real sample analysis (Table 1) . Typically, when using PDA software (Waters Empower w ), a component with a peak purity angle lower than its purity threshold would be considered most likely to be a pure substance and the separation would be acceptable. The absorption spectra of both peaks were stored in the software. At 265 nm, the degree of peak purity is higher and, also, the absorption spectrum of both compounds is optimum for simultaneous quantitation. Therefore, quantitation of both compounds, MBO and EH, was 
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performed at 265 nm with peak area data acquisition for both reference and sample solutions.
Linearity
Regression statistics computed for MBO and EH analytical tests are summarized in Table 2 . The linearity of an analytical method is its ability to elicit test results that are directly, or by a well defined mathematical transformation, proportional to concentration of substance within a working concentration range (6.25 mg/mL-50 mg/mL). The linearity of the method was observed in the expected concentration range, demonstrating its suitability for analysis. The goodness of fit (r 2 ), i.e., correlation coefficient, was found to be 0.9990 and 0.9992 for MBO and EH, respectively. Slopes and intercepts of these equations of relationship were used for the computation of limit of detection (LOD) and quantitation (LOD) of MBO and EH, considering the three and ten times signal to noise ratio, respectively. Regression equation and sensitivity values (LOD and LOQ) for MBO and EH are depicted in Table 2 .
Precision
The precision of an analytical method represents the degree of agreement among the individual analytical results, when the method is applied repeatedly to multiple samples. Repeatability in HPLC refers to the use of chromatographic conditions within a laboratory, over a short period of time, using the same compound with the same equipment, and is expressed as the percent R.S.D. The present method agreed with the test for repeatability, as determined by percent R.S.D (%) of the area of the peaks and retention time of six replicates injection at 100% assay concentration, i.e., (50 mg/mL) were in the range of 0.245-1.140%. Intermediate precision was estimated by quantifying the variations (peak area and retention time) in analysis when a method is used within same laboratory, on different days, by different analysts, and on same equipment. The intermediate precision was studied by preparing the standard curve for 3 different days, and the results of inter-day variation are given in Table 3 . The method passed the test for intermediate precision, as percent R.S.D. of the retention time and peak area obtained within 3 different days were within the range of 0.458 -1.341%. No significant difference was observed in intra and inter-day estimation of peak area and retention time of both MBO and EH, when calculated by one way ANOVA.
Specificity
Specificity is the ability of an analytical method to assess, unequivocally, the substance in the presence of components that are present in the sample matrix. The representative chromatogram (Figure 2 ) of thallus extract of lichen shows that other components or metabolites do not interfere with the peak elution, indicating specificity of the method for MBO and EH. The variation in retention time (%RSD) and peak purity and its homogeneity, was evaluated by comparing the PDA data with those of the reference compounds, using library matching. All peaks were found to be pure at upslope, apex, and down slope of the peak. Empower software defines the peak purity when in the purity angle (a measure of spectral homogeneity; the weighted average of all spectral contrast angles calculated by comparing the spectra from each data point in the integrated peak against the peak apex spectrum) is lower than the peak threshold angle (sum of purity noise angle and solvent angle). The confirmation of MBO and EH peaks was also evaluated by comparing the spectral at apex of each peak in the sample to that of the library maintained for reference compounds. In this case, the match angle was less than the match threshold, which confirms the single component elution.
Accuracy
The accuracy of an HPLC method is the closeness of test results to the true value of the reference substance obtained by the optimized chromatographic conditions. It was determined by application of an analytical procedure to an MBO and EH of known purity (for a drug substance), as well as by recovery studies, in which a known amount of a standard is spiked in the methanol extracts of one of the lichen species, i.e., Everniastrum cirrhatum. The results of accuracy studies from solution and lichen extract are summarized in Table 4 . It is clearly evident that method is accurate within the working range.
System Suitability Testing
System suitability tests are an integral part of chromatographic methods development. [23, 24] The results of system suitability are given in Table 5 , which verify that resolution and reproducibility of the system are adequate and the method is acceptable for the analysis. 
Robustness
Results obtained in this study are presented in Table 6 . The % RSD of peak area and retention time of MBO and EH in lichen species were calculated (n ¼ 6) for every level and factor studied. The perusal of the data indicates that the studied factors remained unaffected by small variations of these parameters, because the %RSD for MBO and EH are within the recommended range, i.e., 1.0% established according to the ICH. Therefore, it can be concluded that the method is consistent in front of the mobile phase, flow rate, and temperature.
Estimation of MBO and EH in Various Lichen Species
The developed method was successfully applied for assaying polyphenolic metabolites, methyl b-orcinolcarboxylate (MBO) and ethyl haematommate (EH), in different lichen species. The results are depicted in Table 7 . The chromatographic conditions of the method are found suitable to monitor chemical variability in various lichen species. HPLC profiles of various Lichen species have been presented in Figure 4 . The HPLC profiles of lichen species indicate the chemical variability between the lichen species. The content of MBO and EH present in different lichen samples could also be correlated with the antifungal activity (data not shown), further confirming the fact that these two compounds are responsible for their biological activity.
CONCLUSION
This is the first report on the analysis of important biologically active polyphenolic metabolites of lichen species, namely methyl b-orcinolcarboxylate (MBO) and ethyl haematommate (EH). The analytical parameters calculated from calibration curves were found to be satisfactory. This method proposes a simple, accurate, and precise determination of MBO and EH in various lichen species. Additionally, the LC method can easily be utilized as a suitable analytical procedure for quality control and quantification of these metabolites in lichens, commonly used for various purposes in folklore and traditional systems of medicine of the Asian region.
